In this paper we provide the design details of self-equalizing photodetectors which enable higher data rate transmission by improving the overall bandwidth of the bandwidth limited transmission link, through a hybrid electro-optical solution. Two different selfequalizing photodiodes, one having fixed equalization and the other being programmable are presented as proof of concept.
Introduction
One of the greatest challenges in increasing optical data transmission rates is the inherent bandwidth limitations of electrical and electro-optical components of the communication link. In a bandwidth limited data transmission link, the high frequency components of the transmitted data generally get attenuated more than the lower frequency components of the spectrum. The result of this bandwidth limitation is often closed eye diagrams on the receiver side where it will be more challenging for the receiver circuitry to recover the data. The problem of channel bandwidth limitation is well studied [1, 2] . In wireline communication technology, where low bandwidth electrical transmission lines are used, bandwidth limited distortion of the signal has been addressed through equalization techniques. These techniques essentially restore the signal by introducing a high-pass filter into the data link. The role of the high pass filter is to balance the ratio of the high frequency components to the low frequency components of the received signal. Since the bandwidth limitation in wireline communication is mainly dominated by the channel and not the electronic circuitry, the equalizers can easily be implemented in the electronic circuitry. In optical links, however, the bandwidth limitation arises from the electronic circuitry and the electro-optical components. In such systems, implementing equalizers in already bandwidth limited electronics is challenging and thus equalizers need to be implemented in the optical domain, which can suffer from its own shortcomings.
In this paper, we present a hybrid electro-optical approach for equalizing the receiver signal in the photodiodes of an optical link. Section 2 provides a brief background on the effects of bandwidth limitation on data transmission and how equalization overcomes these effects. Section 3 explains our proposed hybrid electro-optical approach. Measurement results are presented in section 4, and the paper is concluded in section 5.
Background
The data transmitted through bandwidth limited electrical and electro-optical components in an optical link will lose most of its high frequency content. This effectively smoothens the received data waveform. If the bandwidth of the link is much smaller than half of the symbol rate, the received data will be distorted to the extent such that a simple threshold based data estimator will not work (Fig. 1) .
By implementing a high pass filter in the transmitter side, receiver side, or both, it is possible to reverse the distortions caused by the band-limited components. In wireline communications, high-pass filters in the transmitter side will increase EMI to adjacent channels, while in WDM systems, it will increase the crosstalk between the channels if not enough guard band is put in place. On the other hand, placing the high pass filter in the receiver side will deteriorate the sensitivity of the receiver. This is because the high pass filter attenuates the lower frequency components of the signal to level the overall frequency response and as a result the overall signal power will be lowered relative to noise. This reduction in overall signal to noise ratio can be somewhat mitigated by placing an amplifier before the equalizer. In an optical data communication link, the receiver equalizer can be placed either in optical or in electrical domain of the receiver. An example of equalizer implemented in the electrical domain is shown in Fig. 2 (a) [3] , where the high-pass filter is integrated with the amplifier to form an active high-pass filter. The electrical amplifier has a limited bandwidth and as a result the frequency response starts to drop beyond a certain frequency (Fig. 2(b) ). In summary, the equalizer implemented in the electrical domain benefits from tunability, flexibility, and the ease of amplification of the signal before equalization, however, such an equalizer is limited by the bandwidth of the technology used.
An optical equalizer, on the other hand, can enjoy the wide bandwidth of the optical system [4] [5] [6] . An example of optical equalizer reported in [6] is shown in Fig. 3(a) where an optical filter is formed using Mach-Zehnder Interferometer (MZI) structures. The optical filter produces a sine wave shaped response and by setting the center of the valley of the response to the laser wavelength (carrier frequency) it is possible to equalize the data transmission ( Fig. 3(b) ). As shown in Fig. 3(c) , the equalization is sensitive to deviation of frequency of the laser or drift in the optical filter. As a result, tight temperature control loops are required to assure minimal frequency deviation of the laser and the filter. We will briefly analyze the operation of an MZI based optical equalizer to explain the source of the sensitivity of the optical equalizer to frequency deviation of the laser. The high-pass filter for an optical equalizer can be easily implemented with an MZI structure acting as an FIR filter. Such a filter as shown in Fig. 4(b) , equalizes the received signal by subtracting a proportion of delayed version of the input signal from the non-delayed proportion. An optical waveguide can provide the delay, while the subtraction is done in the right hand side coupler of the MZI shown in Fig. 4(a) . If the output of the MZI is fed to a photodiode the output current would be: subtracts the delayed version of the input from the non-delayed version and hence the equalizer acts as a high-pass filter, as intended. However, if due to frequency drift of the laser, φ becomes zero, the combiner adds the two optical signals and as a result, the frequency response of the equalizer becomes a low-pass one. Due to process variation in fabrication and temperature fluctuations, the exact effective index of an optical waveguide and hence the value of φ cannot be determined apriori, hence control loops are required to assure φ π = for the operating wavelength.
In the following section we describe how to resolve the laser wavelength dependency of the optical equalizer by proposing a hybrid electro-optical approach. 
Design and implementation
As mentioned in the previous section, the root cause of the wavelength dependency of the equalizer is the optical combiner, where subtraction of the delayed signal from non-delayed signal is sensitive to the wavelength drift of the laser. In order to remove this sensitivity, we propose to convert the optical signals to an electrical signal through a photodetector and then perform the subtraction in the electrical current domain. A photodiode produces a photocurrent proportional to its input optical power, irrespective of the input optical phase. Subtraction of the delayed signal from the non-delayed one can be done in current mode by simply connecting the output of photodiodes to the same node such that one sources current while the other sinks it, as shown in Fig. 5(a) . By removing the right-hand side combiner of equalizer in Fig. 4 (a) and substituting it with a photodiode based subtraction circuit a hybrid electro-optical equalizer is achieved. Hence, the output current of the equalizer shown in Fig.  5 (b) can be written as:
 As it can be seen from the equation, the frequency response of the equalizer in this case is not dependent on the carrier laser wavelength. It should be noted that carrier wavelength sensitivity of the equalizer is not completely removed as the coupling factor of the directional coupler, κ , which sets the equalization strength, is still wavelength dependent; however, this dependency is significantly lower than what is achievable with purely optical equalizers. Also there exist approaches that increase the bandwidth of the coupler and reduce the wavelength sensitivity [7, 8] .
As a proof of concept we developed two different equalizers [9, 10] that implement the same concept demonstrated in 5(b) but for higher order equalizers in a silicon-photonics platform provided by IME. The details of the platform is provided in [11] . The system integrates all the equalization functionalities as well as optical to electrical conversion in one chip, hence, it can be viewed as a self-equalizing photodetector (SEPD).
The block diagram of the two tap implemented prototype is shown in Fig. 6(a) . The input optical signal is split by a ratio of 23/77 by the first directional coupler. The larger portion of the split enters a photodiode without further added delay while the smaller portion passes through a 50ps delay line before splitting by another directional coupler with split ratio of 34/66. The thru portion of the coupler directly enters the second photodiode while the coupled portion is further delayed by 50ps before opto-electrical conversion. The electrical current produced by the delayed optical signals is subtracted from the current produced by the zerodelay optical signal, resulting in a signal flow diagram shown in Fig. 6(b) . The frequency response of the equalizer can be expressed as: In order to minimize the number of photodiodes and hence the capacitive loading of the output node, a dual input photodiode (DIPD) is proposed. The structure of a dual input photodiode is shown in Fig. 7(a) . The vertical buildup of the diode is similar to the single input work reported in [12] . By adding a second optical input in the opposite direction of the first optical input, it is possible to effectively sum the optical power of the two signals and convert them to electrical current within one photodiode structure, cutting the overall junction capacitance on the summing node by half. The relative phase of the optical signals has no effect on the output current, as the optical signals travel in the opposite directions of each other.
While the SEPD provides a simple solution to improve the bandwidth of communication channel and hence increase the data rate, it does not allow for dynamic bandwidth adjustment. In order to provide a more flexible solution and to be able to adjust the bandwidth enhancement of the equalizer, programmable coupling factors are required. Also, to be able to equalize a more variety of data rates and channels, a larger number of taps with smaller delays must be utilized. To adjust the frequency response of the equalizer, the tap coefficients of the FIR filter need to be programmable. This can be easily achieved by dynamically controlling the intensity of light incident on each photodiode. A thermally controlled MZI 1x2 optical switch is used to dynamically control the optical power flow [13] . The schematic and layout of the thermally controlled MZI is shown in Fig. 8 . The input power is split between the two outputs of the MZI with an adjustable ratio by controlling the amount of the phase shift between the two arms of the MZI. The phase shift is introduced by heating the waveguide in one arm of the MZI and hence changing the refractive index of the silicon waveguide. In order to minimize the amount of electrical power needed for a desired phase shift, the resistive heaters are implemented in the slab section of a strip-loaded waveguide by doping the slab section of the waveguide. This assures that the least thermal resistance of the heaters to the waveguide as thermal conductivity of silicon is almost 100 times that of silicon dioxide. Another method used to reduce the electrical power needed for adjusting split ratio is to place thermal phase shifters on each arm of the MZI. Only one arm of the MZI is heated at any time. This will reduce the maximum required phase shift provided by the phase shifters to 90° compared to 180° needed when only one phase shifter is used and hence reduces the power consumption by a factor of two.
As a demonstration of the concept, we designed a prototype implementing the signal graph flow shown in Fig. 9(b) with 25 T ps = . The block diagram of the design is shown in Fig. 9(b) . As it can be seen from the signal flow graph, the first two tap coefficients, 0 1 , C C have a fixed sign, while the sign of the other coefficients are selectable. The sign of the coefficient can be set by selecting the direction of the photo current in the output node. If the photocurrent is added to the output node, the sign is positive and if it is subtracted the sign is negative. This can be achieved by placing the photodiodes as shown in Fig. 9(a) and use an optical switch to route the optical signal of the corresponding tap coefficient to either the upper or the lower photodiode. Each tap that has a selectable sign needs an optical splitter. So the optical splitters 4, 6, and 7 in Fig. 9(a) select the sign of the coefficients while the optical splitters 1, 2, 3, and 5 select the tap coefficients. The overall frequency response of the adjustable self-equalizing photodiode (ASEPD) can be hence written as:
 where R is the responisivity of the photodiodes, P is the input optical power, and C 0 to C 4 are the adjustable tap coefficients.
Processing the light in order to equalize the signal will result in some extra loss which will degrade the SNR of the recovered signal, however, in a bandwidth limited system the BER will suffer mainly from distortion of the received data. Nonetheless, the excess loss from the optical components is as follows. The loss from the directional couplers are very small and in the order of 0.01dB and the loss from the thermal phase shifters are around 0.06dB, so the overall loss of the adjustable phase splitter is around 0.07dB. The delay lines have a loss of 0.32dB/cm. As a result each 25ps delay line has 0.064dB of excess loss. It should be noted that the main tap, C 0 , which carries most of the optical power, does not go through a delay line and the contribution of the loss of the other delay lines depends on the amount of equalization needed from corresponding taps. The main loss in our system comes from the grating coupler which has a loss of 3.5dB.
Optical Input In this design we used DIPD to keep the capacitance loading of the output node low. However, due to increased number of taps, the number of photodiodes attached to the output node is doubled compared to the previous implementation. In order to reduce the drop in bandwidth due to capacitive loading, photodiodes corresponding to higher tap coefficients are designed to be smaller than the photodiode of tap 0 C . While reducing the length of the photodiodes slightly reduces the responsivity, the sensitivity of the receiver is not reduced noticeably given the smaller photocurrent needed for the higher tap coefficients. Based on recent advances in Ge photodiodes implemented on silicon photonics platform, the bandwidth of the photodiode is mainly dictated by the transit time of the carriers and as a result the junction capacitance of the photodiode is no longer a limiting factor in the bandwidth [14] . The reason that the transit time cannot be reduced significantly in waveguide photodiodes is that the optical mode in the photodiode has to have reasonable overlap with the photodiode's depletion or intrinsic region; otherwise, the responsivity of the photodiode will suffer due to the optical loss caused by the metal contacts or highly doped regions of the junction. By utilizing such photodiodes, there would be very small bandwidth penalty due to extra capacitive loading at the output node because of multiple photodiodes. This means that SEPD concept can be utilized to enhance the bandwidth limitation of transit-time limited photodiodes as well as bandwidth limitation due to other components in the transceiver link as long as the bandwidth of the optical link is not limited by the capacitance of the photodiodes.
The bandwidth limitation of the photodiodes that we used in IME process were mainly dominated by the large series resistance of the photodiode (i.e. the contact resistance). The detrimental effect of increasing junction capacitance due to multiple photodiode is to some extent offset by the reduction of the photodiode resistance. In our ASEPD prototype example, the total junction capacitance at the output is estimated to be 100fF [12] which we estimate to provide 21GHz of bandwidth (including the 50 ohm impedance of network analyzer), sufficient for the 25Gbps target operation.
Measurement results
To demonstrate the equalization capability of the two-tap SEPD, its performance was compared against a 35GHz photodiode in a 12.5Gbps data link. In Fig. 10(b) we can see that the electro-optical frequency response of the channel is improved by using the proposed SEPD. The channel frequency response shows a very low 3dB bandwidth of 1.5GHz when a 35GHz photodiode is used. The SEPD is able to compensate the loss introduced by the modulators and coaxial cables and hence improve the bandwidth to 5.8GHz. We also measured the eye opening before and after using SEPD. The result shown in Fig. 10(c) clearly proves the ability of SEPD to equalize the data and improve the eye opening. Figure 11 shows the adjustability of frequency response in the adjustable self-equalizing photo detector. Depending on the values and sign of the coefficients a wide variety of frequency responses can be realized with the architectures. As a result, a wide variety of data channels can be equalized. The ability of the equalizer to improve the eye-opening of the received signal is shown in Fig. 12(a) . In the left image, we are showing the 25Gbps received eye diagram, detected with a 35GHz photodiode. The eye is closed because a 12.5Gbps modulator is used which doesn't have sufficient bandwidth for 25Gbps operation. Substituting the commercial photodiode with the proposed AESPD results in an open eye diagram, showing that a data-rate enhancement factor of two is possible. Figure 12(b) shows the improvement in the sensitivity of the receiver in a bandwidth limited channel when ASEPD is used in a 12.5Gbps link with PRBS 7 pattern generator. Without equalization and using one of the on-chip photodiodes, the best bit-error-rate (BER) achieved is 10 −5 . Using the ASEPD, the sensitivity of the receiver improves. No errors were detected in one hour of measurement which demonstrates BER better than 10 −13 .
Conclusion
In this paper we demonstrated an electro-optical approach to equalize and improve the receiving optical signal in an optical communication link and perform the electro-optical conversion in one device. The proposed approach overcomes some of the shortcoming that are inherent to fully electrical or fully optical equalizers. Two working prototypes of the concept in which one has fixed tap coefficients and consumes no power and the other has adjustable tap coefficients and is suited for a wide variety of optical links were demonstrated. It was shown that both prototypes are capable of equalizing the received eye-diagram and allow for higher data rate transmission than otherwise would have been possible.
